Introduction
The Balbiani body or mitochondrial cloud is a prominent cytoplasmic organelle that was discovered in 1845 in the oocytes of spiders and subsequently was found in the oocytes of many different species including humans (Guraya, 1979; de Smedt, 2000; Houston and King, 2000; Kloc et al., 2001 Kloc et al., , 2004a . The mitochondrial cloud present in previtellogenic stage I oocytes of Xenopus is composed of numerous mitochondria and germinal granules that are believed to be a determinant of germ cell fate (Eddy, 1975; Billet and Adam, 1976; Heasman et al., 1984) . The cloud also contains various localized RNAs, some of which (e.g., Xcat2 mRNA) are present within the germinal granules and others (e.g., Xpat mRNA) are present at the periphery and outside the germinal granules (Mosquera et al., 1993; Kloc and Etkin, 1995a, b; Hudson and Woodland, 1998; Kloc et al., 2000 Kloc et al., , 2002 Kloc et al., , 2004b ).
There are two main RNA localization pathways in Xenopus oocytes. The message transport organizer (METRO) or Early pathway uses the mitochondrial cloud as a vehicle to deliver germinal granules and localized RNAs to the oocyte vegetal cortex. In contrast, the Vg1 or Late pathway transports RNAs via microtubules without the participation of the mitochondrial cloud (Forristall et al., 1995; King, 1995; Kloc and Etkin, 1995a; Kloc et al., 1998) . Conventional understanding holds that from early vitellogenesis (oocyte stage II) onward, the mitochondrial cloud breaks up into many fragments that become progressively smaller over time and migrate toward the vegetal cortex (Hausen and Ribesell, 1991) . Upon their arrival at the vegetal cortex (between stages III and VI of oogenesis), fragments of the mitochondrial 
Results and Discussion
In Xenopus, the formation of the mitochondrial cloud and germinal granules is a lengthy and elaborate process that starts in oogonia and concludes in stage I oocytes (al-Mukhtar and Webb, 1971; Coggins, 1973; Billet and Adam, 1976; ; Heasman et al., 1984; Wylie et al., 1985; Kloc et al. 2002 Kloc et al. , 2004a . In stage I oocytes, the mitochondrial cloud is a spherical organelle (approximately 40 µm in diameter) that juxtaposes the nucleus and always faces the future vegetal pole of the oocyte. It contains about half a million mitochondria and several hundred germinal granules (Marinos and Billett, 1981; Kloc et al., 2002) . Our previous three-dimensional reconstruction of the distribution of germinal granules within the mitochondrial cloud in stage I oocytes showed that most of the granules were located at the vegetal apex of the cloud in the METRO region. When the mitochondrial cloud was viewed from its vegetal tip, the granules were visible as a distinct ring and on a section passing exactly through the animalvegetal axis of the mitochondrial cloud, the granules were visible as a layer at the vegetal tip (Kloc et al., 2002) . Until now, threedimensional reconstruction has never been performed on oocytes at later stages of development. However, incidental sections from light or electron microscopy suggest that beginning at stage II of oogenesis, the mitochondrial cloud breaks down into many fragments containing mitochondria and germinal granules (Hausen 
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cloud (containing mitochondria, germinal granules and localized RNAs) become anchored at the cortex by actin and cytokeratin filaments; at this point they are called the germ plasm islands (Czolowska, 1969; Eddy, 1975; Kloc and Etkin, 1995a; Houston and King, 2000; Kloc et al., 2001 Kloc et al., , 2004a . Movement of the mitochondrial cloud fragments has been assumed to be responsible for delivering the localized RNAs and germinal granules embedded in those fragments to the oocyte vegetal cortex (reviewed in Kloc et al., 2004a, b) . The movement of the mitochondrial cloud fragments toward the cortex is independent of microtubules and microfilaments and the mechanism that powers the movement remains a mystery (Kloc and Etkin, 1995a,b) . The addition of newly synthesized yolk platelets and an increase in the cytoplasmic mass at the center of the oocyte have been suggested to push the fragments of mitochondrial cloud away from the oocyte nucleus and toward the vegetal cortex (Hausen and Riebesell, 1991; reviewed in Kloc et al., 2004a ). Here we studied previtellogenic and early vitellogenic Xenopus oocytes by using a combination of three-dimensional reconstruction and in situ hybridization for light and electron microscopy and we showed that germinal granules and METRO-localized RNAs reach their ultimate destination before the onset of mitochondrial cloud fragmentation; thus we propose a revised model of germinal granule and localized RNAs delivery to the oocyte vegetal cortex via the METRO pathway.
and Riebesell, 1991; Forristall et al., 1995; King, 1995; Kloc and Etkin, 1995a; Kloc et al., 1998 Kloc et al., , 2004a .
The METRO region of the mitochondrial cloud contains several localized RNAs, such as Xcat2 mRNA (Mosquera et al., 1993 ) the distribution of which is restricted to the germinal granules and Xpat mRNA (Hudson and Woodland, 1998) , which is present both at the granule periphery and outside the granules in the germ plasm matrix of the METRO region (Kloc et al. 2002) . In this study, we performed light and electron microscopy in situ hybridization of early stage I, stage I, stage II and stage III Xenopus oocytes taking advantage of Xcat2 mRNA being a distinct marker of germinal granules. Electron microscopic sections of stage I oocytes showed that germinal granules were indeed concentrated at the vegetal tip of the mitochondrial cloud ( Fig. 1 A,C) . In sections of stage II oocytes granules were visible in the mitochondriacontaining islands at the vegetal tip of the oocyte (Fig.  1B) , a finding that seems to support the conclusion that the mitochondrial cloud breaks down into smaller fragments at stage II of oogenesis. Our observation of the germinal granules in early stage I oocytes showed that germinal granules were more or less randomly distributed within the cloud ( Fig. 2A) . Subsequently all of the germinal granules aggregated at the vegetal tip of the cloud (Fig. 2B ) and then formed a layer there (Fig. 2C) , an arrangement that persisted during the later stages of oogenesis (Fig. 2 D,E) . These findings indicate that the initial process of segregation and aggregation of germinal granules occured within the mitochondrial cloud itself. Solitary, evidently "delayed" germinal granules were occasionally visible at the animal (nuclear) tip of the cloud A B C D E (Fig. 2B) . We also noticed that the mitochondrial cloud was not in direct contact with the oocyte nucleus but rather a thin layer of homogenous cytoplasm devoid of mitochondria and other organelles was present between the mitochondrial cloud and the nucleus (Fig. 3A) . We also noticed that in stage I oocytes mitochondrial cloud was positioned far from the vegetal cortex ( Fig.  2A) , but in early stage II oocytes it extended between the homogenous layer of cytoplasm surrounding the oocyte nucleus and the vegetal cortex, with its vegetal tip containing the layer of germinal granules apposing the vegetal cortex (Fig. 3A) . Intriguingly, although we analyzed hundreds of sections of oocytes at devel- opmental stages I to III, we only extremely rarely observed germinal granules in the middle of the oocyte which should be the case if they were migrating within the fragments of the mitochondrial cloud. This observation prompted us to perform three-dimensional reconstruction of stage II oocytes, hybridized with Xcat2 and Xpat antisense RNA probes, to mark the positions of the germinal granules and the METRO region within the mitochondrial cloud and within the oocyte as a whole. These reconstructions showed clearly that the mitochondrial cloud in stage II oocytes was a continuous entity extending from the homogenous layer of cytoplasm surrounding the nucleus to the vegetal cortex, with the METRO-localized RNAs and all germinal granules located at its vegetal tip (Figs. 3,4) . These three-dimensional reconstructions also showed the surface of the mitochondrial cloud to be uneven and convoluted at that stage, which probably explains why incidental sections through the cloud (Fig. 1B) showed islands within the cloud as opposed to a continuous unbroken structure. These findings indicate that METRO-localized RNAs and germinal granules reached the vegetal cortex of the oocyte before the onset of mitochondrial cloud fragmentation. We propose that after the initial aggregation (by some unknown mechanism) of germinal granules at the tip of the mitochondrial cloud in stage I oocytes, directional stretching of the mitochondrial cloud pushes the germinal granules and localized RNAs away from the nucleus and toward the vegetal cortex. Therefore germinal granules and METRO-localized RNAs do not translocate within the fragments of the mitochondrial cloud but rather are driven to the cortex through the expansion of the cloud. Thus the fragmentation of the cloud that occurs later in oogenesis is irrelevant to the movement of METRO-localized RNAs and germinal granules. Our revised model of the METRO pathway is depicted in Fig. 5 . Although the mechanism by which the mitochondrial cloud expands remains unknown, one plausible cause is an increase in the abundance of membranous vesicles and in the number and size of mitochondria within cloud itself (Marinos and Billett, 1981) .
Another unresolved issue is the mechanism(s) responsible for the directionality of the mitochondrial cloud expansion. Because the dimensions of the homogenous layer of the cytoplasm separating the oocyte nucleus from the mitochondrial cloud does not increase from stage I oogenesis onward, it seems very unlikely that the process of pushing of mitochondrial cloud away from the nucleus is involved. Another process that needs to be studied is the mechanism by which germinal granules and localized RNAs segregate within the mitochondrial cloud in stage I oocytes.
Materials and Methods

Animals
Wild type Xenopus laevis oocytes were used in these studies as described in Kloc and Etkin (1999) .
Whole mount in situ hybridization
The Xcat2 and Xpat plasmids and antisense RNA probes have been described elsewhere (Mosquera et al., 1993; Etkin, 1995a, Hudson and Woodland, 1998) . Probes used for in situ hybridization were antisense digoxigenin-labeled RNAs that were synthesized and hydrolyzed for 30 min as described in Kloc and Etkin (1999) . All hybridization and post-hybridization steps, embedding and sectioning were performed as described in Kloc and Etkin, (1999) and Kloc et al. (2001) . For light microscopy, hybridized oocytes were incubated with anti-digoxigenin antibody conjugated with alkaline phosphatase and stained in NBT/BCIP substrate (Roche). For electron microscopy oocytes were incubated with an anti-digoxigenin antibody conjugated with 0.8 nm gold (Roche) and treated with a silver enhancement kit (Ted Pella, Redding, CA) according to manufacturer's protocol. After the hybridization, oocytes were either embedded in Paraplast (for light microscopy) or in Epon (for electron microscopy) and sectioned as described previously Etkin, 1999 and Kloc et al. 2001.) Three-dimensional reconstruction Some of the material embedded for electron microscopy was serially sectioned for the three-dimensional reconstruction. Between 35 and 65 semi-thin (0.7 µm) sections stained with methylene blue in 1% borax were used for each reconstruction. Three-dimensional reconstruction was performed as described in Kloc et al. (2002) . In short, scanned photomicrographs of oocytes were processed on an SGI Onyx2 system (Silicon Graphics, Inc. Mountain View, CA) equipped with NAG (Numerical Algo- Steps 1 and 2 indicate stage I of oogenesis, in which the spherical mitochondrial cloud (light purple) is located near the nucleus (blue) but is separated from it by a thin layer of homogenous cytoplasm (dark yellow). The germinal granules (dark purple) and METRO-localized RNAs are initially distributed at random within the cloud and subsequently become aggregated at its vegetal tip (the METRO region, step 2). In the old model (shown to the left), from stage II of oogenesis onward, the mitochondrial cloud breaks down and the germinal granules and METRO-localized RNAs move within the mitochondrial cloud fragments (steps 3a and 4a) and become anchored at the vegetal cortex between stages III and VI of oogenesis (step 5). In the revised model (shown to the right), in stage II of oogenesis, the unbroken mitochondrial cloud expands to span between the nucleus and vegetal cortex, pushing the germinal granules and METRO-localized RNAs toward the vegetal cortex (steps 3b and 4b) where they become anchored. In stage II of oogenesis the mitochondrial cloud become uneven and convoluted, which on the sections can give the impression of separated islands (step 4b). Subsequently, between stage III and VI of oogenesis, the mitochondrial cloud breaks down (step 4b'). The occasional "delayed" germinal granules are rarely visible in the fragments of the cloud (step 4b'). 
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rithms Group, Oxford) Iris Explorer scientific visualization software. A typical data set comprising a cube of 300 x350 x 8 was interpolated to 64 x 64 x 64. The resulting cube was further processed using the ImageVision modules within the Iris Explorer in addition to several customized software modules developed by Matthew T. Dougherty (Baylor College of Medicine) and VoxBlast 2.1 software (VayTek, Inc., Fairfield, Iowa).
